for 20 hr. at 2900 and purified by paper chromatography with isopropyl ether-formic acid solvent (see Methods section). Rechromatography of the eluted [32P]pyrophosphate showed it to be essentially free from [82P]orthophosphate. Stock solutions were adjusted to pH 8 by addition of a few crystals of Na2CO3 and were kept frozen. [32P] Pyrophosphate of any required specific activity was obtained by dilution of the stock solution of [32P]pyrophosphate with a measured amount of the sodium salt of pyrophosphate.
DL-x-Glycerol [32P]phosphate was prepared by the method of McMurray, Strickland, Berry & Rossiter (1957) , modified to give a product with a higher specific activity; 2tld. of lM-l-chloropropane-2,3-diol (x-chlorohydrin; L.
Light and Co. Ltd.) was mixed with 5,ul. of 0-2M-Na332PO4 (specific activity 1 mc//Amole). The mixture was incubated for 60 hr. at 300 and then applied to a paper chromatogram. The chromatogram was irrigated with propan-l-olaq. NH3 soln., dried and radioautographed. Two Other matertals. The following phosphate esters were used: DL-o-glycerol phosphate (disodium salt) (L. Light and Co. Ltd.), D-ribitol 5-phosphate (barium salt; a gift from Professor J. Baddiley), phosphocholine (barium salt) and phosphoethanolamine (California Corp. for Biochemical Research, Los Angeles, Calif., U.S.A.). The barium salts of ribitol phosphate and phosphocholine were converted before use into the corresponding sodium salts by solution in water, passing each through a column of Dowex 50 ion-exchange resin (H+ form) aand neutralizing the effluent with dilute NaOH.
Two preparations of charcoal were used: Norit SX2 (Harrington Brothers Ltd., London) and unground Nuchar C (West Virginia Pulp and Paper Co., New York, N.Y., U.S.A.).
Protamine sulphate (ex herring) was from L. Light and Co. Ltd. Enzymes. Potato apyrase was prepared by Whittam, Bartley & Weber (1955) according to Lee & Eiler (1951) , and was a gift from Dr W. Bartley.
L-cL-Glycerol phosphate dehydrogenase was the crystalline product of C. F. Boehringer und Soehne GmbH, Mannheim, Germany.
Prostatic monoesterase free from diesterase was a gift from Dr G. B. Petersen and was prepared according to de Garilhe, Cunningham, Laurila & Laskowski (1957) .
Dried Russell viper venom was given by Dr A. C. White of the Wellcome Laboratories, Beckenham, Kent. Russell viper venom free from 5'-nucleotidase activity but containing diesterase and nucleotide pyrophosphatase was a gift from Dr G. B. Petersen and prepared according to the method of Cohn, Volkin & Khym (1957) . (NCTC 3329) was from the National Collection of Type Cultures and Propionibacterium shermaanii (NCIB 8099) was from the National Collection of Industrial Bacteria.
Culture of micro-organisms. L. arabinosus was subcultured and grown on the following medium: glucose, 20 g.; tryptone (Oxo Ltd., London), 20 g.; yeast extract (Oxo Ltd.), 6 g.; hydrated sodium acetate, 10 g.; KH2PO4, 4.5 g.; NaOH soln. 'to raise the pH to 7-4; salts B [4-0% (w/v) MgSO4,7H20, 0-2% MnSO4,4H20, 0 04% FeCl3 (Barton-Wright, 1946) ], 5 ml.; water to 1 1. Glucose was autoclaved (15 min. at 15 lb./in.2) together with the other constituents of the medium. Flasks or bottles, threequarters filled with medium, were inoculated (1 vol.1 100 vol.) with a 24 hr. culture and growth was allowed to proceed for 24 hr. at 300.
S. aureus, B. subtilis, B. cereus and B. megaterium were grown for 16 hr. at 300 in the following medium, aerated by means of a rotary shaker: glucose, 10 g. (autoclaved separately); tryptone, 10 g.; yeast extract, 2 g.; K2HPO4, 5 g.; salts B, 5 ml.; HCI soln. to lower the pH to 7-4; water to l1.
M. lysodeikticus was grown in covered trays for 24 hr. at 370 on the surface of the same medium containing 2% of agar. The above-mentioned organisms were subcultured on 2 % agar slopes of the same medium and a loopful of bacteria was used as an inoculum.
P. shermanii was grown for 4 days at 300 in deep culture on the same medium as that used for S. aureus. The growth flasks were inoculated (1 vol.1100 vol.) with a 4-day culture of P. shermanii.
Streptococcus lactis and L. casei were grown in deep culture for 24 hr. at 370 on the same medium as that used
The algae had been grown in illuminated culture flushed with air on a medium consisting of mineral salts, 0-1 % of glucose and urea as nitrogen source. The washed cells were mixed with an equal weight of powdered glass before being crushed in a Hughes (1951) press (see below). Compressed baker's yeast was obtained from The Distillers Co. Ltd.
Cell-free extracts. Micro-organisms were harvested by centrifuging and washed twice by resuspending in water and centrifuging. The washed cells were placed in a Hughes press, precooled to -250 and crushed. The crushed cells were homogenized with 3 vol. of ice-cold 01M-tris-HCl buffer, pH 7 5, and the suspension was centrifuged in a cold room at 0-3°for 45 min. at 30 000g. The clear supernatant of cell-free extract was decanted from the packed precipitate of unbroken bacteria and cellular debris. Cellfree extracts were dialysed for 4-6 hr. against two changes of 5 mM-tris-HCl buffer, pH 7*5, at 0Q3°. The volume of buffer was 50-100 times as large as that of the extract, and the buffer was stirred during dialysis. When not required immediately, extracts were stored frozen at -200.
A cell-free extract of Corynebacterium xerosi8 was a gift from Mr A. Muhammed. The organism had been grown on the surface of a solid medium containing the same constituents as the medium used for the growth of M. lysodeiktics (see above). Washed cells had been broken in a Hughes press and extracted as above. A cell-free extract of Pseudomonas oxalaticus OXI was a gift from Dr D. B.
Keech and had been prepared as described by Quayle & Keech (1958) . Escherichia coli B cells, crushed in a Hughes press, were provided by Mr A. B. Stone and were extracted in the manner described above.
Protein. Protein was determined by the method of Lowry, Roseborough, Farr & Randall (1951) .
Determination of phosphate. Inorganic orthophosphate was determined by the method of Berenblum & Chain (1938) as modified by Bartley (1953) . The method of Chen, Toribara & Warner (1956) , with a reaction volume of 0-4 ml., was used to measure small quantities of orthophosphate with greater accuracy. Total phosphate was determined as inorganic phosphate by the method of Berenblum & Chain after digestion of the dried phosphate compound with 0 5 ml. of conc. H2SO4-60% HC104 (3:2, v/v) (Hanes & Isherwood, 1949) and 0.05 ml. of 5% ammonium molybdate solution.
Measurement of radioactivity. 32P-Labelled compounds in solution were counted in a volume of 10 ml. with a M.Q. liquid counting tube (Veall, 1948) . Samples were counted with a standard error less than +3%, unless indicated otherwise. The values given for radioactivity are corrected for radioactive decay.
Separation and analysis of nucleotides from reaction mixtures. Charcoal-adsorption was used to separate nucleotides from enzyme reaction mixtures or other solutions that contained a mixture of substances (see Hurlbert, 1957) . Enzyme reaction mixtures were first deproteinized by addition of an equal volume of ice-cold 7% (w/v) perchloric acid, cooling to 00 and centrifuging.
In one procedure, employed in pyrophosphorylase assays, a sample of acidic supernatant was transferred to another centrifuge tube containing an aqueous suspension of Norit SX 2 or Nuchar C charcoal at room temperature; the charcoal was kept in suspension by occasional stirring and allowed 10 min. to adsorb the nucleotides present. The charcoal and adsorbed nucleotides were separated from the suspending fluid by centrifuging and washed at least three times by resuspending in 10 ml. of water and centrifuging. The extent to which adsorption of nucleotides had taken place was estimated by measuring the extinction of the protein-free reaction mixture before and after charcoal treatment. From 3-4 ml. of a solution containing 0-2 Zmole of cytidylic acid, 10 mg. of Norit effected 99 % adsorption. A second procedure, employed in preparing nucleotides for paper chromatography, used Nuchar charcoal in a narrow column (5 mm. diam.) fitted with a sintered-glass disk that retained the coarse charcoal particles. Acidified nucleotide solutions were added to the column and allowed to flow slowly through the charcoal bed, which was then washed with 10-50 ml. of water. The extinction of the filtrate was always measured to check that adsorption was complete. The capacity of 100 mg. of Nuchar in a column to adsorb cytidylic acid in this manner was greater than 6 !emoles.
The extent to which nucleotides adsorbed on charcoal may be recovered varies greatly with different preparations of charcoal and with different eluting reagents (Pontis, Cabib & Leloir, 1957; Threlfall, 1957; Crane, 1958 85-90% of the nucleotide was eluted by 1 ml. of reagent; when 5 ml. was used the nucleotide recovery was 95%. A lower percentage of adsorbed nucleotide was eluted from Norit by suspension of the charcoal in ammoniacal ethanol. Before chromatography, nucleotide eluates were evaporated almost to dryness under reduced pressure in small flasks fitted with an air leak.
Chromatography was carried out on Whatman no. 4 paper previously washed with 2N-acetic acid and then with water. The following solvents were used for descending chromatography: lM-ammonium acetate (pH 7.5)-absolute ethanol (3:7.5, v/v) (Paladini & Leloir, 1952) ; isobutyric acid-aq. N-NH3 soln.-0 1 M-disodium ethylenediaminetetra-acetate (60:36:1, v/v) (Krebs & Hems, 1953) . The following were used in ascending chromatography: propan-l-ol-aq. NH3 soln. (sp.gr. 0*88)-water (60:30: 10, v/v) and isopropyl ether-90 % formic acid (3:2, v/v) (Hanes & Isherwood, 1949) .
Nucleotides and nucleosides on paper chromatograms were located as non-fluorescent spots on a fluorescent background when viewed with a Mineralite u.v. lamp. The sensitivity of this method of detection was increased when the paper was viewed through a Perspex screen coated with CdS. Phosphate esters were located by dipping the paper in an acetone solution of FeCl3 (0 5 g. of FeCl3 + 30 ml. of 0-3N-HCl + 11. of acetone), drying the paper and then dipping in a 1-25 % solution of sulphosalicylic acid in acetone (Runeckles & Krotkov, 1957 Fig. 3 ).
Nucleic acids, present in crude bacterial extracts, underwent autolysis during incubation, so that the formation of CTP or of CDP-glycerol under conditions described in Table 1 (1955) . No destruction of DPN was observed after incubation for 30 min. in a reaction mixture containing 7 mg. of extract protein.
Fractionation of crude cell-free extract8
Undialysed cell-free extracts of L. arabinosu8, prepared as described in the Methods section, were fractionated to free the pyrophosphorylase activities from inorganic pyrophosphatase and from nucleic acids.
All steps were carried out at 0-4°. Cell-free extract was diluted with water to adjust the protein concentration to 10 mg./ml. An equal volume of (NH4)2S04 soln., adjusted to pH 7-5 with NH3 soln., and saturated at 00, was added slowly to the extract with stirring followed by 125 mg. of solid (NH4)2S04 for each millilitre of (NH4)2S04 soln. already added. The precipitate that formed was collected by centrifuging for 50 min. at 20 OOOg and the supernatant was discarded.
The precipitate was dissolved in water and dialysed overnight against 5 mM-tris-HCl buffer, pH 7-5. The protein concentration of the dialysed solution was adjusted to 15-20 mg./ml. and concentrated protamine sulphate solution (about 50 mg./ ml.) was added dropwise to the extent of 14 mg. of protamine sulphate for each 100 mg. of bacterial protein present. The precipitate was centrifuged down and discarded.
The supernatant was fractionated further by adding saturated (NH4)2S04 solution (pH 7.5), the precipitate of protein that formed between 0-45 and 0-65 sat. was collected by centrifuging, dissolved in water and dialysed overnight against 5 mM-tris-HCl, pH 7-5. This preparation is referred to subsequently as 'fractionated enzyme'. Table 2 shows that the overall purification of CDP-glycerol pyrophosphorylase was about 24-fold. Inorganic-pyrophosphatase activity was reduced 600-fold in the fractionated enzyme. A high concentration (20 mM) of pyrophosphate was used in measuring the pyrophosphatase and a 10-fold increase in the rate of hydrolysis was obtained at a lower concentration (1 mM); consequently the inorganic pyrophosphatase in the fractionated enzyme had the same order of activity as the pyrophosphorylase.
Formation of cytidine triphosphate on the pyrophosphorolysi8 of cytidine dipho8phate glycerol With fractionated enzyme from L. arabinowsu the changes in nucleotide composition occurring in the reaction between CDP-glycerol and [32P]pyrophosphate were followed by paper chromatography. Fig. 1 shows that addition of [32P]pyrophosphate to an incubation mixture containing CDP-glycerol, buffered enzyme and MgCl2 caused the disappearance of CDP-glycerol and the formation of a nucleotide that ran on a paper chromatogram with the same R1 as CTP, and also of a small amount of a nucleotide behaving like CDP. A radioautograph of the chromatogram showed the presence of 32p only in the CTP and CDP spots. The radioactive areas had exactly the same shapes as the nucleotide spots.
The preparation of CDP-glycerol, which was used also as a chromatogram marker, contained CMP Table 3 ). Potato apyrase, which removes the terminal phosphate of ATP at 0°and both y-and ,B-phosphates at 400 (Lee & Eiler, 1951) , was found to act on CTP in the same manner. Table 3 shows that potato apyrase split off half of the total 83P as orthophosphate at 00 and all of the 82p as orthophosphate at 40°. Fig. 2 shows that, when apyrase was allowed to act on amixture of authentic CTP and the [32P]nucleotide at 00 and 400, orthophosphate was formed from CTP at the same rate as [82P]orthophosphate was released from the labelled nucleotide.
Cytidine tripho8phate formation from cytidine dipho8phate ribitol. CDP-ribitol was incubated with
[32P]pyrophosphate in the presence of unfractionated cell-free extract from L. arabino8us under the conditions given in Table 1 . The nucleotides in the reaction mixture were isolated and chromatographed in the same manner as that described in Fig. 1 . Chromatograms run with ammonium acetate-ethanol solvent or propan-1-ol-aq. NH3 soln. showed that a 32P-labelled nucleotide was formed in the reaction and that this co-chromatographed with CTP and separated from CMP, CDP and CDP-ribitol.
Non-enzymic decompoBition of cytidine dipho8-phate glycerot. In balance studies on pyrophosphorylase reactions it was found that more CDPglycerol disappeared during incubation of the reaction mixture than could be accounted for by the formation of CTP (see below) and that the remaining cytidine appeared as CMP. A nonenzymic breakdown of CDP-glycerol to CMP was indicated on measurement of the amounts of the nucleotides present on the chromatogram shown in Fig. 1 , after elution from the paper. The decomposition was estimated by comparing the proportions of CDP-glycerol to CMP added to the reaction mixture with those found after incubation. Of the CDP-glycerol added to the reaction mixture containing boiled enzyme, 63 % broke down to CMP on incubation for 1 hr. (D, Fig. 1 ), and 65 % decomposed in the reaction mixture containing enzyme but no added pyrophosphate (B, Fig. 1) .
To find what conditions brought about this decomposition small quantities (50 ,m-moles) of CDP-glycerol were subjected to various treatments, and the breakdown to CMP was estimated after was added to a solution (0.05 ml.) of CDP-glycerol; after 5 min. at room temp. the mixture was evaporated to dryness as in (1). (3) CDP-glycerol was adsorbed on 20 mg. of Nuchar charcoal in a column, the charcoal was washed with 2 ml. of water, nucleotides were eluted with 0-5 ml. of ammoniacal ethanol and the eluate was evaporated to dryness as in (1).
Under the following conditions CDP-glycerol was found to decompose. (4) CDP-glycerol was incubated for 15 min. at 370 with tris-HCl buffer, pH 8-0 (4 ,umoles), and MgCl2 (1 Itmole) (total vol. 0-1 ml.). The mixture was added to a column of 20 mg. of Nuchar charcoal and treated as in (3). The breakdown of CDP-glycerol was found to be 20 %. (5) MgCl2 was omitted from the incubation mixture described in (4): there was much less breakdown of CDP-glycerol, i.e. 6 %. (6) The mixture described in (4) was freeze-dried without prior incubation or charcoal treatment and it was found that 73 % of the CDP-glycerol had decomposed to CMP. It would seem therefore that CDPglycerol is a labile substance and that its decomposition to CMP is stimulated by the presence of Mg2+ ions.
Glycerol phosphate was not found to accompany CMP formation on the breakdown of CDPglycerol. A paper chromatogram of the reaction products from (6) above was stained to detect phosphate compounds. No spot was observed parallel to marker oc-glycerol phosphate (R. 0.35), but a phosphate-containing area was found (R,0.70) parallel to marker glycerol 1,2-(hydrogen phosphate), which had been prepared according to Baddiley et al. (1956c) by heating CDP-glycerol with aq. NH3 soln. (sp.gr. 0.88) in a sealed tube for 1 hr. at 1000. It is probable therefore that the non-enzymic breakdown of CDP-glycerol resulted in the formation of a cyclic glycerol phosphate. Baddiley, Buchanan & Sanderson (1958) have observed that neutral solutions of CDP-glycerol decompose readily to CMP and glycerol 1,2-(hydrogen phosphate). Pyrophosphate esters are usually stable towards dilute alkali but a hydroxyl group attached to the carbon atom adjacent to the ester grouping (as in CDP-glycerol and CDPribitol) reduces this stability through the possibility of cyclic phosphate formation (Baddiley et al. 1956c ).
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The catalytic effect of a bivalent metal ion on the decomposition of a pyrophosphate ester to a cyclic phosphate ester has been demonstrated by Khorana, Fernandes & Kornberg (1958) , who showed that, although 5-phosphorylribose i-pyrophosphate is markedly stable in alkaline solution (pH 10) at 250, Ba2+ ions induce a rapid decomposition to orthophosphate and 5-phosphorylribose 1,2-cyclic phosphate. Furthermore it is likely that the considerable decomposition of CDP-glycerol which took place when a solution of the calcium salt was evaporated to dryness (Baddiley, Buchanan & Sanderson, 1958) was due to the Ca2+ ions, since the ammonium salt was stable to this treatment.
Stoicheiometry of the reaction. A quantitative study was made of the disappearance of CDPglycerol and formation of CTP and glycerol phosphate when CDP-glycerol was incubated with pyrophosphate in the presence of fractionated enzyme from L. arabinosus. The change in pyrophosphate concentration was not estimated as pyrophosphate was added in great excess. Table 4 shows the amounts of the nucleotides eluted from the charcoal that had been used to adsorb them from the reaction mixtures. The paper chromatogram did not separate CTP completely from the small amount of CDP present and the two nucleotides were estimated together. Formation of L-a-glycerol phosphate. Pyrophosphorolysis of CDP-glycerol should result not only in CTP synthesis but also in the formation of L-x-glycerol phosphate. Formation of glycerol phosphate was investigated in the deproteinized nucleotide-free charcoal filtrates described in Table 4 . The solutions were neutralized with KOH and kept overnight at 0°. Precipitated KC104 was removed by centrifuging and the supernatant and two washings with 0 5 ml. of water were passed through a slight excess of Dowex 50 (H+) to remove cations. The solutions were neutralized with aq. NH3 soln., evaporated to a small volume and samples were chromatographed on paper with ammonium acetate-ethanol solvent. A phosphatecontaining area was found parallel to the marker glycerol phosphate spot and running ahead of the pyrophosphate and orthophosphate areas (cf. Figs. 1 and 3) .
Strips were cut from the chromatogram parallel to the glycerol phosphate marker and eluted with 0-05N-HC1. The eluted solutions were treated with Dowex 50 (H+) to remove Fe3+ ions and ether to remove sulphosalicylic acid and evaporated to a small volume. The presence of L-a-glycerol phosphate in the solutions was shown by the reduction of DPN in the presence of crystalline L-a-glycerol phosphate dehydrogenase, and the amount of L-a-glycerol phosphate present was calculated. The amount of L-a-glycerol phosphate in the reaction mixture containing, initially, both CDP-glycerol and pyrophosphate was found to be 0 50 ,mole and was about the same as the amount of CTP (+ CDP) formed during the reaction (see Table 4 ). Although more than 0-2 ,umole of CDP-glycerol decomposed to CMP (Table 4) counts/min./umole). The mixture (4.3 ml.) was incubated for 15 min. at 370, cooled in ice and deproteinized with 1 ml. of 7 % perchloric acid. The nucleotides in a sample of the protein-free supernatant were adsorbed on charcoal, eluted by 3 ml. of ammoniacal ethanol and chromatographed as described in Fig. 1 The 55P-labelled nucleotide was eluted from the chromatogram and the acid and neutral absorption spectra were observed. The spectra were typical of a cytidine compound: at pH 2, A... 280m,u; A, 240m,u and e280/260mp 1-9; at pH 7-3, A.. Table 5 ).
The total phosphate was determined on 35 immoles of the eluted [52P]nucleotide, measured as cytidine. After digestion 75 pim-moles of orthophosphate was found, giving a cytidine:P ratio of 1:2 1.
The effect of snake venom was tested on the [55P]nucleotide: 2 ml. of the eluted nucleotide (about 30 ptm-moles) was added to a solution (0.25 ml.) containing 0 5 mg. of Russel viper venom and incubated for 10 min. at 37°. A control was done with venom previously heated for 3 min.
at 1000. After incubation 0-1 ml. of 0-5 % albumin was added, followed by 1 ml. of 10% (w/v) trichloroacetic acid. Protein was removed by centrifuging; the supernatant was transferred to a flask, extracted five times with ether, neutralized with NaOH and freeze-dried. The dried material was chromatographed on paper with ammonium acetate-ethanol solvent. Two reaction products of the nucleotide with snake venom were observed: a non-nucleotide radioactive substance parallel to Bioch. 1962, 82 Vol. 82 305 the glycerol phosphate marker and a non-radioactive u.v.-dark spot parallel to the cytidine marker. Authentic CDP-glycerol is hydrolysed by nuclootide pyrophosphatase of snake venom to glycerol phosphate and CMP, which is further split by 5'-nucleotidase to give cytidine and orthophosphate (Baddiley et al. 1956c) . Although this evidence suggests the presence of a pyrophosphate bond in the [32P]nucleotide, the same products could have arisen from a compound such as cytidine 5'-phosphate, 3'-or 2'-phosphoglycerol by the actionof phosphodiesterase alsopresent inthe snake venom. This possibility was tested by incubating the nucleotide with purified prostatic phosphomonoesterase. No phosphate was released in the presence of enough enzyme to hydrolyse a tenfold increased amount of cytidine 3',5'-diphosphate, therefore the nucleotide contained no monoesterifled groups.
Stoicheiometry of the reaction of cytidine tripho8-phate with glycerol pho8phate. and CMP (0.30 1anole) that were formed during incubation. The decomposition of CDP-glycerol to CMP under the same experimental conditions has been described in a previous section and it is probable that the formation of CMP found in this experiment (see also Fig. 3 ) was due to the nonenzymic breakdown of CDP-glycerol synthesized in the enzymic reaction. The formation of pyrophosphate would be expected to accompany the formation of CDPglycerol from CTP and glycerol phosphate, but the presence of pyrophosphatase in pyrophosphorylase preparations (see Table 2 ) made it probable that pyrophosphate formed during the reaction would be hydrolysed to orthophosphate. The amount of orthophosphate in the reaction mixtures described in Table 5 , after removal of protein and nucleotides, was 0-24jmole in the control (no glycerol phosphate) and 1-77 1umoles when both CTP and glycerol phosphate were present. The formation of orthophosphate in the control indicated that some CTP was hydrolysed to CDP and possibly to CMP. The additional 1x53 ,umoles of orthophosphate probably arose by hydrolysis of pyrophosphate formed in the reaction of glycerol phosphate with CTP and is equal to approximately twice the amount of CTP that disappeared (see Table 5 ).
Propertie8 of cytidine diphosphate glycerol pyropho8phoryla.e from Lactobacillus arabinosus. The effect of pH on enzyme activity is shown in Table 6 . In tris-maleate buffer the enzyme was active over a wide range, from pH 5 to 9, with an optimum at pH 7 0. It was slightly more active in tris-HOl buffer at pH 8-0 than at 7-0 and was more active in tris-HOl buffer than tris-maleate buffer at these pH values. Tris-HCl buffer (pH 8-0) was always used. Table 7 shows that an increase in pyrophosphate concentration stimulated pyrophosphorylase activity until maximum activity was reached at 2 mM-pyrophosphate.
The effect of MgCl, concentration on enzyme activity is shown in Table 8 . Maximum stimulation was found at 3 mM-MgCl2. The Table also At 10 mm con-the amount of enzyme present in the reaction ie enzyme but mixture and increased linearly with time. The presence of O-OlM-NaF or of O-lM-NaF did not proportional to inhibit pyrophosphorylase activity. Although the pyrophosphorylase was unstable to repeated thawing and freezing, a sample of fractionated ncentraton on1 enzyme showed no significant change in activity o8phorYla8e ac-after storage at -20°for 3 months.
Spectidcity of cytidine diphosphate glycerol pyrocribed in Table 9 pho8phorylase. Crude extracts of L. arabinosu8
1,pH 8-0, and the showed pyrophosphorolytic activity towards CDPas indicated. ribitol (Table 1) Table 1 , and nucleotides from the reaction mixture were chromatographed as described in Fig. 1 . Tables 11 and 12 ).
The absence of endogenous nucleotide formation together with high pyrophosphorylase activity suggested that crude S. aureu8 extracts would be more suitable than L. arabino8u8 extracts for demonstrating the enzymic synthesis of CDPribitol. CTP and D-ribitol 5-phosphate were incubated together with buffered enzyme and MgCI, under the conditions described in Table 10 . Paper chromatography of the nucleotides with ammonium acetate-ethanol solvent showed the formation of a nucleotide that travelled on paper at the same rate as authentic CDP-ribitol (distance travelled, 26-2 cm.) and that separated from CMP (18.0 cm.) and CTP (8-2 cm.). Rechromatography of this nucleotide with propan-l-ol-aq. NH3 soln. solvent showed that it co-chromatographed with authentic CDP-ribitol. CMP was also found to be a product of the reaction and probably was formed by the nonenzymic breakdown of CDP-ribitol (see previous section). Table 10 gives the amounts of the nucleotides eluted from the chromatogram. CTP and CDP were eluted together as there was insufficient separation on the paper. Judging from the relative intensities of the CTP and CDP areas when viewed by u.v. light some hydrolysis of CTP to CDP had taken place. Apart from this hydrolysis, Table 10 shows that there was little change in nucleotide composition in the reaction mixture without added ribitol phosphate. About 86 % of the total nucleotide was recovered from the reaction mixture initially containing both CTP (0.90 Amole) and ribitol phosphate, but only 25 % was found as CTP + CDP after incubation. An additional 61 % -of the cytidine was recovered as umole) and CMP (0.29 , zmole) . Since the bacterial extract contained inorganic pyrophosphatase it was not expected to find pyrophosphate in the reaction mixture. Orthophosphate was determined in the deproteinized nucleotide-free reaction mixtures. The amount of orthophosphate formed when CTP was incubated with bacterial extract was 0-29 ,umole, and 1-64 ,umoles was formed in the reaction mixture containing both CTP and ribitol phosphate. The additional 1-35 j,moles was probably formed by the hydrolysis of pyrophosphate and is equal to approximately twice the amount of CTP disappearing (see Table 10 ).
Confirmation that the nucleotide formed by the reaction of CTP with ribitol phosphate was CDPribitol was obtained from its u.v. spectra in acid and neutral solution, which were typical of a cytidine compound. The ratio of cytidine to total phosphate (see Methods section) was 1:2-1. The hydrolysis products of CDP-ribitol by the action of HCl, NH, and snake venom have been determined by Baddiley et al. (1956a) . Samples of the enzymically synthesized CDP-ribitol and of authentic CDP-ribitol were treated with HCI and NH3 in the manner described by these authors and with snake venom free from 5'-nucleotidase. The hydrolysis products were chromatographed on paper with ammonium acetate-ethanol solvent and markers of CMP and ribitol phosphate were run simultaneously. In each case the hydrolysis products were the same for authentic and enzymically synthesized CDP-ribitol. Treatment with N-HCI for 15 min. at 1000 converted CDP-ribitol into CMP and ribitol phosphate; 5'-nucleotidase- Table 10 . Stoicheiometry of the reaction of cytidine tripho8phate with ribitol pho8phate
The reaction mixture contained, initially, 40Anmoles of tris-HCl buffer, pH 8.0, 10lumoles of MgCI,, 5,umoles of NaF, 0-92Fmole of CTP, 2,umoles of D-ribitol 5-phosphate and 0-5 ml. (1.7 mg. of protein) of dialysed cell-free extract from S. aureus. Vol., 1.15ml. Controls had ribitol phosphate, or both ribitol phosphate and CTP, omitted. After incubation for 20 min. at 37°, nucleotides present in the reaction mixture were chromatographed as described in Fig. 1 Tests for CDP-glycerol and CDP-ribitol pyrophosphorylases were performed on the insoluble cellular debris which is precipitated by centrifuging homogenized crushed cells of L. arabinosus and S. aureus. Homogenized crushed cells of these two organisms were centrifuged at 30 OOOg for 45 min. and the supernatant cell-free extracts were decanted and dialysed (see Methods section). Insoluble cellular debris was removed from the centrifuge tube, care being taken to leave behind the thin bottom layer of cells, which appeared, on microscopic examination, to be unbroken. The debris was washed twice by resuspending it in the original volume of ice-cold tris-HlC buffer (0.1M, pH 7.5) and centrifuging for 15 min. at 10 OOOg in a refrigerated centrifuge. Finally the debris was suspended in 0 05m-tris-HCl buffer, pH 7 5, to give a volume equal to that of the dialysed supernatant cell-free extract. The dialysed supematant and washed debris were tested for pyrophosphorylase activities towards CDP-glycerol and CDPribitol. Table 11 shows that some activities were found in the debris from both organisms. With L. arabinosus the supernatant fraction contained eight times the CDP-glycerol-pyrophosphorylase activity and four times the CDP-ribitol-pyrophosphorylase activity of the debris. With S. aureus the supernatant was 19 times as active as the debris to CDP-ribitol and the activity to CDP-ribitol was about four times that to CDP glycerol; no activity to CDP-glycerol was detected in the debris.
Survey of cytidine diphosphate glycerol and cytidine diphosphate ribitol pyrophosphory1aes in extracts of other micro-organisms Baddiley, Buchanan & Greenberg (1957) isolated from cells of L. arabinosu a complex polymer containing ribitol phosphate residues in phosphodiester linkage together with another polymer containing glycerol phosphate residues similarly linked. These polymers have been named teichoic acids. Further studies showed that the ribitol-teichoic acid was located in the cell wall of L. arabinosus and that ribitol-teichoic acids were also major components of the cell walls of S. aureus and B. 8ubtilis Armstrong, Baddiley, Buchanan & Carss, 1958) . Glycerol phosphate polymers have been extracted from whole cells of S. aureus (Mitchell & Moyle, 1951) and from a large number of other micro-organisms (McCarty, 1959) . Recent surveys of other bacteria (principally lactobacilli and staphylococci) have revealed that the cell walls may contain either glycerol-or ribitol-teichoic acids or both together (Armstrong et al. 1959; Ikawa & Snell, 1960) . Baddiley and his collaborators have suggested that CDP-glycerol and CDP-ribitol may play a role in donating glycerol phosphate and ribitol phosphate residues to form these polymers (Armstrong et al. 1958) . The widespread occurrence of these polymers suggests an equally widespread occurrence of the two cytidine nucleotides and hence of pyrophosphorylase enzymes for their synthesis.
Dialysed cell-free extracts were made of a number of micro-organisms and were assayed for CDP-glycerol and CDP-ribitol pyrophosphorylases. CTP + L-a-glycerol phosphate = CDP-glycerol + pyrophosphate. The use of 32P-labelled substrates showed that the phosphate bonds involved in cleavage and recombination were the bond between the a-and ,B-phosphates of CTP and the pyrophosphate bond of CDP-glycerol, since pyrophosphate entered as a unit into CTP and glycerol phosphate entered as a unit into CDP-glycerol.
The chemical structures of CDP-glycerol and of CDP-ribitol are such that the nucleotides readily break down by rearrangements about the pyrophosphate bond (Baddiley et al. 1956 c) . Stoicheiometric measurements of pyrophosphorylase reactions were complicated by the fact that Mg2+ ions, required to promote enzyme activity, stimulate this non-enzymic breakdown, e.g. of CDPglycerol to CMP and glycerol 1,2-(hydrogen phosphate). This effect of Mg2+ ions is analogous to the catalytic effect of Ba2+ ions on the decomposition of 5-phosphorylribose 1-pyrophosphate (Khorana et al. 1958) .
The properties of CDP-glycerol pyrophosphorylase resemble those of other pyrophosphorylases. The requirement for Mg2+, C02+ or Mn2+ ions (Table 8) is a general phenomenon, as is the pH optimum between pH 7 and 8 (Table 6 ) (cf. Kornberg & Pricer, 1951; Borkenhagen & Kennedy, 1957; Ginsburg, 1958) . Very specific substrate requirements are shown by the yeast uridine diphosphate glucose, uridine diphosphate N-acetylglucosamine and guanosine diphosphate mannose pyrophosphorylases (Munch-Petersen, 1955a , uridine diphosphate glucose pyrophosphorylase from Mtmg beans (Ginsburg, 1958) and cytidine diphosphate choline pyrophosphorylase (Borkenhagen & Kennedy, 1957) . CDP-glycerol pyrophosphorylase seems also to have a specific requirement for both the cytidine and glycerol moieties of its substrates (e.g. Table 9 ).
Cytidine diphosphate choline pyrophosphorylase is firmly bound to liver particles (Borkenhagen & Kennedy, 1957) , and several yeast and plant pyrophosphorylases appear to be soluble enzymes (Munch-Petersen, 1955a; Neufeld, Ginsburg, Putman, Fanshier & Hassid, 1957) . CDP-glycerol pyrophosphorylase is readily extracted into solution from preparations of crushed bacteria although a small amount of activity seems to be associated with insoluble material (Table 11 
